We study proximity-induced superconductivity in gold nanowires as a function of the length of the nanowire, magnetic field, and excitation current. Short nanowires exhibit a sharp superconducting transition, whereas long nanowires show nonzero resistance. At intermediate lengths, however, we observe two sharp transitions; the normal and superconducting regions are separated by what we call the minigap phase. Additionally, we detect periodic oscillations in the differential magnetoresistance. We suggest that the minigap phase as well as the periodic oscillations originate from a coexistence of proximity-induced superconductivity with a normal region near the center of the wire, created either by temperature or the application of a magnetic field. DOI: 10.1103/PhysRevLett.102.247003 PACS numbers: 74.45.+c, 73.63.Àb, 74.78.Na The effect of fluctuations on the nature of superconductivity in nanowires [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has witnessed a resurgence in recent years both because one may envision the use of superconducting (nonheat generating) interconnects for producing denser and faster chips [6, 11] , and because technologies have now become available for making much better quality nanowires than before. Also of fundamental interest is the interplay between superconducting and normal systems in reduced dimensionality. When a superconductor (S) is brought into contact with a normal metal (N), the Cooper pairs do not disappear abruptly at the S-N interface but leak into the normal metal [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , known as the proximity effect. In this Letter, we report on our experimental studies of proximity induced superconductivity in individual high quality single crystal gold nanowires, with focus on the behavior as a function of the length of the nanowire. As expected, a sharp superconducting transition is observed in short nanowires, whereas long nanowires fail to become superconducting. Surprisingly, however, we observe unusual periodic oscillations in the differential magnetoresistance in certain parts of the phase diagram, and for a wire of an intermediate length, we find that the resistance drops from normal to zero in two distinct steps. We interpret these results in terms of a proximity induced superconductivity with a small superconducting gap near the center of the wire, which is readily driven normal by temperature or application of a magnetic field.
The effect of fluctuations on the nature of superconductivity in nanowires [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has witnessed a resurgence in recent years both because one may envision the use of superconducting (nonheat generating) interconnects for producing denser and faster chips [6, 11] , and because technologies have now become available for making much better quality nanowires than before. Also of fundamental interest is the interplay between superconducting and normal systems in reduced dimensionality. When a superconductor (S) is brought into contact with a normal metal (N), the Cooper pairs do not disappear abruptly at the S-N interface but leak into the normal metal [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , known as the proximity effect. In this Letter, we report on our experimental studies of proximity induced superconductivity in individual high quality single crystal gold nanowires, with focus on the behavior as a function of the length of the nanowire. As expected, a sharp superconducting transition is observed in short nanowires, whereas long nanowires fail to become superconducting. Surprisingly, however, we observe unusual periodic oscillations in the differential magnetoresistance in certain parts of the phase diagram, and for a wire of an intermediate length, we find that the resistance drops from normal to zero in two distinct steps. We interpret these results in terms of a proximity induced superconductivity with a small superconducting gap near the center of the wire, which is readily driven normal by temperature or application of a magnetic field.
Crystalline Au nanowires with a diameter of 70 nm were fabricated by electrodepositing Au in the pores of tracketched polycarbonate membrane [29] . Freestanding nanowires were ''harvested'' by dissolving the polycarbonate membrane in dichloromethane and were precipitated from the solvent in a centrifuge. The nanowires were then stored as a suspension in dichloromethane. To measure an individual Au nanowire, we placed a drop of the nanowire suspension on a silicon substrate with a 1 m thick Si 3 N 4 insulating layer. The sample was then transferred into a commercial focused ion beam (FIB) etching and deposition system (FIB/SEM FEI Quanta 200 3D) for the attachment of electrodes [30, 31] . As shown in the top left inset of Fig. 1(a) , four FIB-assisted W electrodes were deposited to contact an individual Au nanowire for a standard fourprobe measurement. In the process of W electrode preparation, Ga þ imaging was suspended to reduce gallium contamination of the Au nanowire. During the deposition, the chamber pressure was $10 À5 Torr and the deposition FIB current was set to below 20 pA. Here, the FIBdeposited W strips used as the electrodes (about 250 nm wide and 100 nm thick) were amorphous and composed of tungsten, carbon and gallium [32, 33] . A superconducting transition of 5.1 K was observed in the W strip by a standard four-probe measurement, as found in prior studies [32] . TEM showed that the diffusion of the W atoms along the Au wires is limited to within 200 nm from the edge of the W strips. In another control experiment, the resistance between two parallel W strips separated by less than 500 nm on a Si 3 N 4 substrate was larger than 10 5 at 1.8 K, indicating an absence of direct transport between the W strips. The gallium ions used in the FIB process are not responsible for the observed superconductivity since the FIB-deposited Pt strip contains gallium but is not superconducting [30, 31] . Figure 1 (a) shows resistance as a function of temperature (R-T) for individual 70 nm diameter crystalline Au nanowires of lengths 1 m, 1:2 m and 1:9 m, defined as the distance L between the inner edges of the two voltage electrodes. The vertical scale is normalized to the resistance at T ¼ 6 K which are, respectively, 196 , 152 , and 100 for the 1, 1.2, and 1:9 m wires. The variation in the normal state resistance reflects the difference in the density of defects of the wires originating either during chemical deposition or the FIB processes. The excitation current in the measurement is 50 nA. All three wires show an onset of superconductivity near 4.5 K, slightly lower than that of the W electrode strip, which is expected since the proximity effect weakens the superconductivity near the S-N interface. Zero resistance, defined as a resistance smaller than the instrumental resolution of AE0:2 , is found below T ¼ 4:05 K for the 1 m sample. For the 1:9 m sample, the resistance loses 40% of its normal state value by 4.22 K, but thereafter decays gradually and remains finite down to the lowest temperature (1.8 K) measured, extrapolating to 25% of the normal state value at T ¼ 0 K.
The resistance drop occurs in two steps for the 1:2 m wire. In the first step between 4.5 and 4.14 K, the resistance reduces sharply to 16% of its normal state value, followed by a much slower drop until 3.43 K where the resistance vanishes. The two step drop in resistance is suggestive of two distinct transitions. Figure 1(b) shows the resistance as a function of temperature for the 1:2 m Au nanowire at several magnetic fields. (The magnetic field was applied perpendicular to the axis of the nanowire in all data presented in this Letter.) The two transitions move to lower temperatures with increasing field and merge into one at 30 kOe. Superconductivity in the nanowire is fully suppressed at 70 kOe.
The resistance vs magnetic field (R-H) plots for the three samples at several temperatures are shown in Fig. 2 . The evolution of the R-H curves of the 1:0 m sample [panel (a)] exhibits a well-defined superconducting transition. The R vs H curve at 2 K for the 1:2 m sample shown in panel (b) is similar to that for the 1 m sample, but the scans at 3 and 3.5 K show fascinating new features. Specifically, an additional mini-resistance valley is found in a narrow low magnetic field region. A magnified view of the evolution of this mini-resistance valley in the 1:2 m wire as a function of temperature is shown in Fig. 2(d) . At 2.4 K, there is no sign of the mini-resistance valley. At 2.5 K, the resistance suddenly jumps and then quickly drops back to zero at 2.5 kOe. At 2.6 K, this magnetic field-symmetric resistance fluctuation becomes more clearly developed and the baseline of the fluctuating resistance at fields above the mini-valley region is seen to be smoothly increasing with field. Between 2.7 and 3.0 K, the resistance fluctuations evolve to the low field miniresistance valley. Between 3.4 and 3.5 K, the zero field resistance changes from zero to a finite value with remnants of fluctuations. With increasing temperature the mini-resistance valley continues to shrink both in width and depth, disappearing at T ! 4 K; the primary resistance valley defining the critical field also decreases in width [ Fig. 2(b) ]. The appearance and the disappearance of this mini-valley feature is one of the principal findings of this paper. We note that a magnetic field-symmetric mini-resistance valley is also observed in the 1:9 m sample [panel (c)], shrinking with increasing temperature; Fig. 2(e) shows the details of the mini-valley at 1.8 K.
Upon closer inspection, the magnetoresistance of the 1.0 and 1:2 m wires shows, at low temperatures, small terraces. These are better revealed in the dR=djHj À H plots (see Fig. 3 ). For both wires, dR=djHj is found to be a smooth function of H at high temperatures. At T ¼ 4 K, the dR=djHj À H curves show a field-symmetric broad peak in both wires (with different finer features). The broad peaks evolve outward with decreasing temperature, and exhibit periodic oscillations at low T. For both wires, the periodic nature of these oscillations is well developed between 2-3 K with roughly the same period, ÁH $ 2:5 kOe. At T ¼ 3:5 K, the oscillations remain but the periodic character is less pronounced. The two small peaks around zero field in the 1:2 m wire in Fig. 3(a) mark the boundaries of the mini-resistance valley. We also find oscillations in the 1:9 m wire, but without any well defined periodicity. To ascertain that these oscillations originate from proximity-induced superconductivity in the Au nanowires, we performed control experiments on a W strip contacted with 4 W electrodes and did not see any oscillations, periodic or otherwise.
The phase boundary between the zero and finite resistance states in the H-T plane for the 1:2 m wire is shown in Fig. 4(a) . The superconducting phase consists of two regions. Above T $ 2:5 K, the zero resistance is destroyed by a small magnetic field. At lower temperatures, the critical field for the wire is enhanced rapidly. Both phase boundaries are found to roughly follow the relation We next describe a qualitative theoretical picture that is consistent with many of the above observations. The proximity induced gap in the gold nanowire in zero magnetic field can be modeled as [12] [see Fig. 4(c) ]
where 2a is the length of the gold nanowire ðÀa < x < aÞ, N is the coherence length characterizing the decay of the induced superconductivity in Au, and Á a is the gap at the boundary. We have two characteristic gaps in this model: a bigger gap Á a at the boundary and a smaller gap Á b ¼ Áðx ¼ 0Þ ¼ Á a cosh À1 ða= N Þ in the middle. It is natural to expect that when Á b is small compared to the temperature of the wire, the central part of the nanowire becomes normal. For very long nanowires, the middle part is always normal at the experimental temperatures, so no true superconductivity is seen. In very short nanowires, Á b is on the same order as Á a , and superconductivity in the entire nanowire is destroyed simultaneously. However, for certain intermediate lengths, at the critical temperature (defined as the temperature where perfect conductivity is lost) only the middle region becomes normal, and then at a higher temperature, the whole nanowire becomes normal, thus producing two transitions. We believe that the 1:2 m nanowire belongs to the last category.
Proximity effect induced superconductivity can be suppressed by a ''breakdown magnetic field'' H b , which is much less than the critical field of the superconductor. In the literature, an S-N bilayer film exposed to a magneticfield parallel to the interface has been studied [34] , and we borrow those results for our system. The gap function for H > H b switches to a new solution: where the length d is a function of T and H [ Fig. 4(d) ]. This suggests the possibility of a first order transition at H b , where the nanowire acquires a small but nonzero resistance, as observed for our 1:2 m nanowire, which exhibits a sharp jump in resistance in the temperature range 2.6-3.4 K. At even higher applied fields, the superconductivity in the outer segments of the nanowire is suppressed, and the resistance increases gradually until it reaches the full normal value. In contrast, when Á b is relatively large, only one transition is expected as a function of the magnetic field, which we believe to be the case for the 1:0 m nanowire, or for the 1:2 m nanowire at very low temperatures. The model does not explain, however, the enhanced fluctuations in resistance for the 1:2 m nanowire near H $ H b , or the magnetoresistance mini valley in the 1:9 m nanowire.
Increasing the current can also induce a transition from zero to a finite resistance state. One possible scenario is that Á b is destroyed at a critical current I C while Á a is intact, resulting in a relatively small resistance, while the whole nanowire is driven normal only at a larger current. The critical current is thus controlled by the smaller gap Á b via the relation
For the 1.2 and 1:0 m nanowires, the critical current is found to behave [ Fig. 4(b) ] as I C / ðT C À TÞ 2 with T C $ 3:4 and 4.1 K, respectively. Again, for relatively large Á b , there is a single transition to the normal state as a function of current. We cannot explain the behavior I C / ðT C À TÞ 2 .
As for the periodic oscillations in the differential magnetoresistance, we appeal to the analogy of oscillations in the supercurrent in S-N-S junctions, which in the presence of a magnetic field is given by [35] I S / sinðÁ À 2e h HSÞ, where HS is the magnetic flux through the wire, and Á is the difference in the phases of the superconducting order parameters on the two ends. In our model we also effectively have an S-N-S junction, where the N refers to the central part of the nanowire and S to the outer regions. In a simple picture, where the net current is a combination of normal and super currents, periodic oscillations are produced by the latter. With the experimental values of H $ 2:5 kOe and the diameter of the nanowires W ¼ 70 nm, we determine d % 110 nm, which is consistent with the expectation that d should be only a small fraction of the length of the nanowire. However, the near independence of the period on H and T is inconsistent with the expectation that the length d of the normal region depends on both these parameters.
A quantitative treatment will need take account of interface transparency or mesoscopic properties of the device. Interestingly, Fagas et al. [36] have considered quantum wires connected to superconducting leads and predicted a minigap as well as oscillations in the density of states as a function of energy. They consider a one dimensional wire (as opposed to the current situation in which the wire width is large compared to the Fermi wavelength), and further work will be required to ascertain the applicability of their model to our experiments. This work was supported by the Penn State MRSEC under NSF grant DMR-0820404 and the Pennsylvania State University Materials Research Institute Nano Fabrication Network and the National Science Foundation Cooperative Agreement No. 0335765, National Nanotechnology Infrastructure Network, with Cornell University.
